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Alternaria spp. form a heterogeneous group of saprophytic and plantpathogenic fungi widespread in temperate and tropical regions. However, the relationship between evolutionary processes and genetic diversity with epidemics is unknown for several plant-pathogenic Alternaria spp. The interaction of Alternaria solani populations with potato and tomato plants is an interesting case study for addressing questions related to molecular evolution of an asexual fungus. Gene genealogies based on the coalescent process were used to infer evolutionary processes that shape the A. solani population. Sequences of the rDNA internal transcribed spacer (ITS) region and the genes which encode the allergenic protein alt a 1 (Alt a 1) and glyceraldehyde-3-phosphate dehydrogenase (Gpd) were used to estimate haplotype and nucleotide diversity as well as for the coalescent analyses. The highest number of parsimony informative sites (n = 14), nucleotide diversity (0.007), and the average number of nucleotide differences (3.20) were obtained for Alt a 1. Although the highest number of haplotypes (n = 7) was generated for ITS, haplotype diversity was the lowest (0.148) for this region. Recombination was not detected. Subdivision was inferred from populations associated with hosts but there was no evidence of geographic subdivision, and gene flow is occurring among subpopulations. In the analysis of the Alt a 1, balancing selection and population expansion or purifying selection could have occurred in A. solani subpopulations associated with potato and tomato plants, respectively. There is strong evidence that the subpopulation of A. solani that causes early blight in potato is genetically distinct from the subpopulation that causes early blight in tomato. The population of A. solani is clonal, and gene flow and mutation are the main evolutionary processes shaping its genetic structure.
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The genus Alternaria encompasses a complex group of saprophytic and pathogenic fungal species (68) . Alternaria spp. are frequently reported as allergenic, food spoilers, mycotoxicogenic, opportunistic fungi associated with mycosis in animals and humans, and destructive plant pathogens (60, 68) . Species of the genus are ubiquitous and are reported to occur in different ecosystems and geographic regions, such as Antarctic soils (39) , deserts, and the tropics (27) . Many Alternaria spp. lack a sexual stage (10) . Nevertheless, variability of this asexual species is high (68) and the first assessments of variation date back to the 1920s (14) .
Alternaria solani Sorauer is an asexual plant-pathogenic species that causes early blight in potato (Solanum tuberosum L.) and tomato (S. lycopersicum L.). This haploid fungus belongs to the phylum Ascomycota, class Dothideomycetes, order Pleosporales, and to family Pleosporaceae (64) . According to morphological characters and phylogenetic analyses using the internal transcribed spacer (ITS) from rDNA region and genes that encode glyceraldehyde-3-phosphate dehydrogenase (Gpd), and the allergenic protein alt a 1 (Alt a 1), A. solani is included in the porrispecies group with large, long-beaked, and noncatenated spores (55, 63) .
Early blight is spread worldwide (56) and its typical symptoms are necrotic lesions in the aerial plant parts. Severe epidemics can lead to major crop losses in short periods of time (8) . In Brazil, early blight is considered one of the most destructive diseases of potato and tomato, the two most important vegetable crops in the country (32, 70) . Environmental conditions in all areas where potato and tomato are grown are favorable to early blight epidemics but the disease is more severe in the summer, when high temperatures and rainfall prevail (8) . Fungicides are regularly and intensively applied to reduce yield losses, because cultivars that combine early blight resistance and good agronomic or commercial characteristics are not available.
The interactions between populations of A. solani and potato and tomato crops in tropical and subtropical regions make an interesting case study for addressing questions related to the molecular epidemiology and the evolution of an asexual fungal species. It is well known that variation in populations of plant pathogens directly affects disease management, especially the strategies related to the deployment of resistant cultivars and fungicide usage (38, 44, 45) . Previous studies have focused on the variability in populations of A. solani and its implications for early blight epidemics. There is evidence for the existence of A. solani populations associated with potato and tomato plants based on the analysis of phenotypic and molecular markers (42, 51, 62, 72) . In Brazil, differences in cultural, pathogenic, serologic, and electrophoretic characteristics between groups of isolates sampled from potato or tomato fields, hereafter referred to as potato and tomato isolates, resulted in two groups according to the host of origin (15, 21, 62) . However, in these studies, the number and size of samples were small and the geographic distribution from where isolates were obtained was restricted.
From an evolutionary perspective, the study of population dynamics of plant-pathogenic fungi in the tropics is an interesting research topic, considering the high number of pathogen life cycles throughout the year and the absence of harsh environmental conditions that could lead to drastic population reduction. The almost continuous cropping systems, the geographic proximity of tomato and potato fields in many areas, and the constant availability of inoculum (8) may contribute to increase the number of pathogen generations in the tropics compared with temperate climate zones. Furthermore, the diversity of wild Solanum spp. is higher in the tropics (35, 58) and these species can harbor A. solani lineages and could serve as reservoirs of inoculum to early blight epidemics. It was hypothesized that the evolution of populations in such an environment is likely to be driven by mutation, selection, and gene flow. There is evidence that these evolutionary processes have influenced A. solani populations (42, 51, 71, 72) , and there are no reports of the occurrence of sexual or parasexual recombination in this fungus (60, 68) . However, reliable estimates of parameters related to recombination, mutation, gene flow, and selection have not been obtained yet for A. solani populations.
Integrating bioinformatics and molecular population genetics techniques is interesting to study populations of fungi that lack a known sexual stage, particularly populations that comprise complex groups of species or lineages (67) . In the present study, the integrated approach was used to address the following questions. Is molecular diversity among A. solani isolates high? Although no sexual structures have been found in A. solani, is there any evidence of "cryptic" recombination in the pathogen population? What is the contribution of selection, mutation, recombination, and gene flow in shaping genetic variability in populations of A. solani? Pathogen isolates were obtained from samples of both tomato and potato fields, grown in several places in Brazil; three genomic regions were sequenced, and the data were analyzed using descriptive and simulation-based methods.
MATERIALS AND METHODS
Sampling and isolate maintenance. Major potato-and tomato-producing areas of Brazil were sampled (Fig. 1) . A larger number of fields were sampled in the central and southeastern regions, the main producing areas (57) . According to the intensity of early blight epidemics, 1 to 20 samples (diseased potato leaves and tomato leaves or fruit) from each field were collected and taken to the laboratory, where direct or indirect pathogen isolation was conducted (19) . For direct isolation, plant material was incubated for 24 h in moist chambers. Under a dissecting microscope (×80), conidia were transferred to water-agar (WA) medium in petri plates, incubating at 25°C. After 12 h, one germinated conidium was transferred to potato dextrose agar (PDA) medium in petri plates. For nonsporulating lesions, the fungus was indirectly isolated. Fragments from the lesion margins were transferred to 70% ethanol for 30 s, disinfested with 2% sodium hypochlorite for 2 min, washed twice with sterilized distilled water for 2 min, air dried under the flow hood on sterilized filter paper, and then transferred to PDA in petri plates, incubating at 25°C with a 12-h photoperiod. After colony development, mycelial plugs were transferred to V8 medium in Erlenmeyer flasks that were continuously agitated at 110 rpm at 26°C. After 7 days, the mycelium was triturated and transferred to PDA in petri plates that were kept uncovered at 25°C under near-UV light for 12 h to induce sporulation. After 3 days, a conidial suspension was prepared, diluted, and pipetted to slides with WA. The slides were kept in petri plates at 25°C and, after 12 h, checked under a compound microscope (×400). To obtain monoconidial cultures, germinated and individualized conidia were transferred to PDA medium in petri plates. Cultures were maintained in mineral oil at 8°C or in colonized sterilized filter paper at -80°C.
DNA extraction. Isolates were grown in liquid medium (10 g of sucrose, 2 g of L-asparagin, 2 g of yeast extract, 15 under continuous agitation at 26°C. After 7 days, the mycelium was washed with distilled water, transferred to filter paper to dry, macerated in a mortar with liquid nitrogen, and DNA was extracted using a cetyltrimethylammonium bromide-based protocol (46) . Depending on the size of the DNA pellet, 30 to 50 µl of Tris-EDTA buffer with RNAase were added and resuspended at 37°C for 2 h.
DNA amplification and sequencing. Partial sequences of the ITS region and Gpd and Alt a 1 genes were polymerase chain reaction (PCR) amplified using fungal specific primers ITS4 and ITS5 (73), gpd1 and gpd2 (11) , and Alt-for and Alt-rev (29), respectively. All amplification reactions were performed in a 50-µl reaction volume. PCR conditions for each gene were according to the references provided above. After electrophoresis in 0.8% agarose gels stained with ethidium bromide, PCR products were purified using minicolumns, purification resin, and buffer according to the manufacturer's protocols (High Pure PCR Product Purification Kit; Roche Mannheim, Germany).
Purified amplicons were sequenced using Big Dye Terminator (v3.1; Applied Biosystems, Foster City, CA) or Dyenamic ET Dye Terminator (GE Life Sciences, Piscataway, NJ). All sequencing was performed at the Seción de Secuenciación de ADN y Proteínas of the Universidad de Valencia and at the Laboratório de Genômica of the Instituto de Biotecnologia Aplicada à Agricultura of the Universidade Federal de Viçosa.
For each isolate, sequences were manually edited using The Staden Package, ver. 1.6.0 (65) to generate a consensus sequence. Sequences were aligned with ClustalW (69).
Molecular population genetic analyses. Several analyses were performed to quantify the amount and distribution of genetic diversity in the populations. Isolates were analyzed either as belonging to a single population or grouped into potato and tomato subpopulations. Statistics of DNA polymorphism within and between subpopulations were carried out with DnaSP 4.0 (61). Analysis of molecular variance using Arlequin 3.11 (20) was conducted to assess population structure. The Kimura 2-parameter distance (36) was set for the analyses, and 1,000 permutations were performed. The Mantel correlation coefficient (40) between matrices of geographic and genetic distances was estimated using Arlequin. The significance of the Mantel correlation was assessed using 1,000 random permutations of matrices.
Estimating parameters of evolutionary mechanisms. Parameter estimates of selection, mutation, gene flow (migration), and recombination were obtained using different software packages. The analyses started with SNAP Workbench, which integrates and manages a series of programs used in evolutionary population genetics (54) . SNAP Map was used to collapse nucleotide sequences with phenotype (host of origin of each isolate) into haplotypes using the options for recoding indels and excluding infinite-sites violation (5). Compatibility matrices were generated for haplotypes that share a common ancestry in the strict consensus tree to examine the overall support or conflict among variable sites in a DNA sequence alignment (33) . These compatibility matrices, useful for visual identification of recombinant blocks, were generated using SNAP Clade (16) . The Recombination Detection Program (RDP2, ver. 2.0) (41) was used to identify recombinant sequences and recombination breakpoints.
Neutrality tests, Tajima's (66), Fu and Li (23), and Fu's Fs statistics (22) were conducted with DnaSP for Alt a 1 and Gpd genes.
Nonparametric tests of population subdivision were conducted with SNAP Workbench after analyzing the results from the compatibility matrices and neutrality tests. The nucleotide sequence files were converted by seqtomatrix, recoding indels and excluding infinite-sites violations (30, 31 ). Hudson's permutation tests using Permtest (nonparametric permutation method based on Monte Carlo simulations) were used to analyze population subdivision according to the host plant (potato and tomato) (30, 31) .
The migration with division (MDIV) program was used to simultaneously estimate time of divergence (T) and migration rate (M) between two subdivided populations. MDIV was used to distinguish between equilibrium migration and subdivision due to shared ancestral polymorphism between the two subpopulations (48) . Analyses were repeated using five independent simulation runs with a different random number seed for each run. The length of the Markov chain was set to 2 million and the burn-in time was 500,000. Migration rates were also estimated using the program MIGRATE (9) . Simulations were carried out with 20 short chains with 5,000 sampled genealogies each (10× the default) and 3 long chains with 50,000 sampled genealogies each (10× the default). This process was repeated five times with different random seed number.
Simulations of the genealogies of each gene under the coalescent process were performed using GENETREE (6) . In all cases, constant population sizes were assumed and the genealogy with the highest root probability was chosen to represent the process. Genealogies were inferred using five simulations (1 million runs each) with different random seed numbers for Alt a 1, Gpd, and ITS loci. The genealogy of a concatenated data set comprising Alt a 1 and Gpd sequences was also simulated (five simulations) with 10 million runs each. The ages of mutations were estimated for the rooted tree with the highest likelihood, and a graph of the tree was generated with coalescent unit times using Treepic (26) .
RESULTS
Summary statistics of the molecular population genetic analyses. The total number of sequences analyzed for Alt a 1, Gpd, and ITS loci was variable, although each had approximately equal numbers of sequences for tomato and potato isolates (Table  1) . Sequences were obtained for 111, 110, and 104 isolates of A. solani for the Alt a 1, Gpd, and ITS loci, respectively. A concatenated data set for the three loci (1,612 bp in length) was constructed for 88 isolates of A. solani. It was not possible to obtain sequences from all isolates used in this study due to problems with amplification or sequencing of some samples.
The variability in the three sequences was 1.5 to 3% ( Table 2 ). The estimated mutation rate per site (θ W ) was 0.002 to 0.008. The highest number of haplotypes (n = 7) was generated when analyzing ITS sequences; however, haplotype diversity was the lowest for this region (0.148) ( Table 2 ). The highest values of nucleotide diversity (Π = 0.007) and of the average number of nucleotide differences (k = 3.20) were obtained for Alt a 1.
The highest Π and k were recorded for the potato subpopulation when analyzing the Alt a 1 gene, whereas the lowest values of these statistics were estimated for the potato subpopulation for the ITS region. For the Gpd locus, Π and k of the potato subpopulation were also higher than in the tomato subpopulation. Nevertheless, when analyzing the ITS region, Π and k of the tomato subpopulation were higher than the estimated values of the potato subpopulation ( Table 2) .
The haplotype distribution and base substitutions for the Alt a 1 and Gpd genes and the ITS region are summarized in Table 3 . Variable positions which violated the infinite sites model were excluded from the coalescent analyses. Thus, fewer haplotypes were generated in the analysis of ITS region ( Table 3 ).
The partitioning of genetic variation between tomato and potato subpopulations was investigated with four data sets: single locus (Alt a 1, Gpd, and ITS) and the three-sequence concatenated data set (Table 4) . For the Alt a 1 data set, there was greater variation between than within subpopulations. The opposite was found for the Gpd gene, ITS region, and concatenated data sets.
There was no evidence of geographic differentiation and no correlation between geographic location and genetic distance. The correlation coefficient estimated with the Mantel's test for Alt a 1, Gpd, ITS, and the concatenated sequences was 0.11 (P = 0.08), -0.06 (P = 0.77), 0.04 (P = 0.27), and -0.02 (P = 0.61), respectively. (41) Estimating evolutionary mechanisms parameters. No recombinant sequences or recombination breakpoints in the ITS region and in both Gpd and Alt a 1 genes, either individually or in the concatenated sequences, were detected in compatibility matrices and analyses implemented in the RDP2 program (data not shown). Overall, most neutrality tests were not significant. However, the null hypothesis of Tajima's D test was rejected for the Alt a 1 when analyzing both potato and tomato subpopulations (Table 5 ). For the potato population, the D value was positive, which suggests the occurrence of balancing selection. For the tomato subpopulation, D value was negative, suggesting that population size expansion or purifying selection could have occurred.
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There was evidence of population subdivision according to the host plant. For Alt a 1 and Gpd, the Kst values were 0.34 (P = 0.03) and 0.26 (P = 0.01), respectively. No significant population subdivision was detected when analyzing ITS sequences (Kst = 0.001, P = 0.98).
Migration rates and divergence times were assessed using Alt a 1 and Gpd loci individually or concatenated (Alt a 1 and Gpd) because no subdivision was detected when analyzing the ITS region. There is evidence of gene flow between subpopulations of A. solani from potato and tomato plants for both Alt a 1 and Gpd. The migration rate was estimated to be approximately one migrant exchanged for each generation between potato and tomato subpopulations ( Fig. 2A, C , and E). The migration rates estimated using MDIV and MIGRATE tests were similar (data not shown). MDIV results are consistent with an isolation model with moderate migration and long divergence times (Fig. 2B, D , and F).
In the genealogy of the Alt a 1 gene, 16 mutations were associated with five haplotypes of A. solani (Fig. 3) . Haplotypes H4 and H5 comprised mainly tomato isolates, with three mutations showing the highest likelihood of arising in this host in their evolutionary history. Most potato isolates belonged to haplotype H1, in which eight mutations were more likely associated with potato plants. Haplotypes H2 and H3 were both isolated from tomato and represented once in the sample.
The coalescent-rooted genealogy inferred for the Gpd locus was similar to Alt a 1. Six haplotypes were inferred based on 18 mutations (Fig. 3). Haplotypes H2, H3, H4 , and H5 were predominantly tomato isolates whereas haplotypes H1 and H6 were potato isolates. In all, 5 mutations were mapped in haplotypes exclusively associated with tomato (H2 and H5) whereas, for haplotypes associated mainly with potato plants, 6 and 10 mutations were mapped for the H1 and H6, respectively (Fig. 3) .
For the ITS region, 13 mutations were available for genealogical inference (Fig. 3) . However, it was not possible to establish a clear relationship between haplotype mutations and host of origin. Most isolates belonged to haplotype H1 (n = 97). Haplotypes H2 and H4 were assigned to two and three isolates, respectively, and each of the other two haplotypes were assigned to a single isolate.
Population subdivision was detected for Alt a 1 and Gpd genes, and these loci were concatenated to increase the resolution of the genealogical tree (Fig. 3) . A total of 25 mutations defined seven haplotypes. Haplotypes H1, H2, H3, H4, and H5 were composed mainly of tomato isolates. Haplotypes H6 and H7 were predominantly potato isolates. In all, 9 mutations were mapped in haplotypes associated with potato plants whereas 16 mutations were simulated for haplotypes associated mainly with tomato plants (Fig. 3) .
DISCUSSION
This is one of the first molecular population genetics studies applying genealogical approaches based on the coalescent theory to estimate population processes of any species of the genus Alternaria. Also, no characterization of molecular diversity has been yet conducted using multilocus sequence typing data (MLST) in A. solani. Using the approaches described above, there is evidence of genetic diversity and differentiation between the potato and tomato populations of A. solani in Brazil, although the number of fixed mutations in each population is not high. Higher levels of polymorphism were expected to be found considering previously published reports of high morphological, physiological, pathogenic, and genetic variability in A. solani popula- tions. For Brazilian populations in previous studies based on phenotypic and molecular markers (21, 62) , there was high variability and evidence of population subdivision. However, the number of isolates assessed was small and the analyses were of low resolution. In other countries, A. solani populations have been described as highly variable by assessing genetic variation through random amplified polymorphism DNA (RAPD), random amplified microsatellites, and amplified fragment length polymorphism (AFLP) markers (37, 42, 71, 72) . Although these molecular phenotypic markers are advantageous for genotyping and provide a snapshot of genome-wide variation, they are not appropriate for reconstructing patterns of descent in genealogical analyses (17) . The MLST approach is more suitable to study long-time evolutionary history of populations whereas molecular fingerprints are more adequate to detect recent genetic changes (43) . Differences in the rate of evolution of gene sequences and restriction sites may have contributed to the apparently discordant inferences. Mutation is the main evolutionary mechanism that generates polymorphisms, and its implications to disease management are noticeable (2, 28, 34) . For A. solani, point mutations in the sequence of the cyt b gene resulted in loss of sensitivity to the fungicide azoxystrobin (25, 49) . Furthermore, new alleles introduced in the population increase the chances of breakdown of resistance genes in either potato or tomato cultivars. The relatively low mutation rate estimated for the three loci does not necessarily indicate that the population as a whole had low mutation rate. After analyzing 91 housekeeping genes, estimates of population parameters varied according to the gene under study (50) . The evolution of other genes or genomic regions should be quantified for more precise estimates of the mutation rate in populations of A. solani.
Although population subdivision according to the host of origin was detected when both Alt a 1 and Gpd were analyzed, the number of mutations that were estimated and mapped in the genealogies of these sequences was not high enough to solve the question of a putative new species causing early blight. To further investigate the host-association issue, haplotypes comprising only one or two isolates were removed from the coalescent analyses to map mutations exclusively associated with host species. For the tomato and potato subpopulations, the estimated number of mutations in the Alt a 1 and Gpd genes was three and four, and four and two, respectively (data not shown). Due to a relatively low number of mutations, a putative ancestral host-specific lineage could not be safely inferred. However, there is evidence of hostassociated subpopulations of A. solani, as reported in other studies (42, 51, 62, 72) . The use of molecular markers distributed in more than one region of the genome would have facilitated the detection of polymorphisms associated with host crops in these studies. Additional genes are being examined to clarify this issue.
Polymorphisms in the ITS region were not associated with potato or tomato. The DNA sequencing variation in the ITS region has been used in molecular systematic studies of Alternaria spp. (55) . The degree of nucleotide difference in the ITS region in the porri species-group, which includes A. solani, is low (55). One possible reason is the action of concerted evolution in this region and the homogenizing effect it causes (24) . Thus, little or no variation is expected within populations associated with host species or closely related Alternaria spp. when analyzing this genomic region.
Isolates from geographically distant fields were not more genetically divergent. The Brazilian population of A. solani comprises haplotypes widely distributed throughout the main producing regions of potato and tomato. A clonal population structure is strengthened because few haplotypes are widely distributed (3, 4, 13, 47, 57) . In several Brazilian regions, potato and tomato are grown all year round and, in some cases, in contiguous fields (8) . The detection of shared haplotypes between potato and tomato subpopulations suggests the occurrence of migration. The migration rates estimated using coalescent simulations between potato and tomato subpopulations were enough to prevent geographic isolation and accentuated genetic separation. Conidia of A. solani produced in diseased tissues can be dispersed by wind and rainfall (7) , and long-distance dispersal is facilitated by the movement of diseased tomato fruit and potato tubers. However, given trade market characteristics, long-distance pathogen dispersal is not very likely, because diseased plant material is eliminated and growers do not regularly plant seed from either diseased tomato fruit or diseased potato tubers. Therefore, aerial dispersal and widespread distribution of host crops are likely to be the major factors that lead to intense inoculum movement and the lack of geographic subdivision regarding inferred haplotypes. Additionally, mutations shared between populations might be due to the Fig. 3 . Coalescent-based gene genealogies inferred using GENETREE, showing the distribution of mutations in the internal transcribed spacer (ITS) region and Alt a 1 and Gpd genes (individually or concatenated) from Alternaria solani. Rooted genealogies were inferred based on five different starting random seed numbers assuming population subdivision by host (potato and tomato plants) with equal population size and symmetrical migration rate (one migrant exchanged for each generation between potato and tomato populations) estimated using migration with division and MIGRATE tests. One million runs of the coalescent were performed for Alt a 1 and Gpd loci individually. Ten million runs of the coalescent were carried out for the concatenated (Alt a 1 + Gpd). For the ITS region, the rooted genealogy was inferred based on five different starting random seed numbers, with 1 million simulations of the coalescent for each run assuming equal sample size and nonpopulation subdivision. The results were similar for each run. The time scale is in coalescent units of effective population size. The direction of divergence is from the top of the genealogy (past) to the bottom (present). Solid circles represent the distribution of the mutations in the genealogy for Alt a1 and Gpd genes (individually and concatenated) and the ITS region. The numbers below the gene genealogies designate each distinct haplotype and its frequency associated with potato (P) and tomato (T) plants.
distribution of ancestral polymorphisms associated with a clonal population of A. solani. Recently, ancestral polymorphisms were demonstrated to be associated with the genetic differences between Neurospora spp. (53) . Additional studies to assess other genomic regions of A. solani with ancestral polymorphisms associated with genetic differentiation between populations are needed.
Evidence of selection was detected in the partial sequence of the Alt a 1 gene. For the potato subpopulation, the occurrence of balancing selection can be attributed to the presence of intermediate-frequency variants (66) , as expected under a model of population subdivision within this group. Because some isolates were from contiguous potato and tomato fields, it is possible that isolates obtained from potato plants were originated from a tomato field infected with an adapted lineage to this host. For instance, A. solani isolates were collected from different hosts in the same region in Minas Gerais State (Table 1 ) and had the same haplotype (H5) in the Alt a 1 gene tree (Fig. 2) . For the tomato subpopulation, the presence of haplotypes H2 and H3, which are rare variants, influenced the neutrality tests and purifying selection was detected. When these haplotypes were removed, background selection was inferred in the subtomato population (data not shown). However, H2 and H3 were kept in the analysis because they have been evolutionarily separated from all other haplotypes.
The population size expansion may also have contributed to the significance of the neutrality test for the Alt a 1 gene in the tomato subpopulation. This expansion cannot be completely ruled out mostly due to three aspects. (i) It is likely that the populations of A. solani were recently established in Brazil, but there is no reliable information on when the pathogen was introduced. (ii) Possible population expansion events could have occurred after the introduction of the pathogen in Brazil and also due to the recent establishment of production fields in new geographic areas. Early blight epidemics in Brazil were already reported in 1898 (52) , and new planting areas of both hosts started to be established in the last 20 years. Traditionally, potato and tomato crops have been cultivated mainly in the south and southeast of Brazil. The new producing areas were established in the northeast and central-west regions, and population expansion could have occurred. Nevertheless, these two events can be considered recent in evolutionary grounds. (iii) Finally, potato tubers are often imported from Chile, Argentina, Canada, the United States, Netherlands, France, and Germany; therefore, a recent genotype could have been introduced. However, given the high quality of seed tubers Brazilian growers import, the likelihood of a tuber-borne mediated introduction is low. Therefore, the most likely factor associated with the occurrence of selection in the population is an incipient host specialization process, mainly when assessing the pattern of genetic subdivision based on the Alt a 1 gene. There are reports that this gene can be involved in the pathogenicity of Alternaria spp. to host plants but no experimental data are still available (18) . The existence of more than one species of Alternaria seems to be the most likely reason for the significant neutrality test.
A distinct species of Alternaria, A. tomatophila, is associated with early blight in tomato in several countries but it has not yet been reported in Brazil. A. tomatophila has been detected in the United States, Australia, New Zealand, and Venezuela (63) . Interestingly, in these countries, A. tomatophila causes early blight in tomato and A. solani is associated with the disease in potato. In addition to differences in morphological variables, there are physiological differences between these species, such as the profile of host-specific metabolites detected in high-performance liquid chromatography analysis (1) . However, the function and chemical structure of these compounds are unknown. In the present study, the haplotype association with host species can be evidence of an ongoing speciation process. Furthermore, isolates in haplotypes H2 and H3 (Alt a 1) and H5 (Gpd) appear as ancient tomato lineages that could be a cryptic species. Further analyses of morphological characters and fitness components of these haplotypes are currently being conducted to identify the putative species of Alternaria associated with tomato and potato early blight in Brazil.
Genetic analyses that provide inferences on the frequency of recombination can also provide indirect evidence of sexual structures and, thus, contribute significantly to understand the reproductive biology of a pathogen. Identifying sexual structures of many plant-pathogenic fungi is laborious and has a low success rate (67) . For presumably asexual fungi, such as A. solani, the search for sexual structures, if any, should be conducted using different substrates and edaphoclimatic conditions. There was no strong evidence of recombination in the A. solani population, and its structure is typically clonal. The continuous availability of host crops and conducive environmental conditions would favor asexual reproduction.
The sexual stage reported in some Alternaria spp. is commonly classified as Lewia spp.; however, sexual structures are seldom formed (68) . Evidence of recombination was reported in populations of A. brassicicola but no sexual structures were found (12) . These authors used genetic analyses with lower resolution than the ones used in the present study. Several techniques were used to increase the chance of detecting recombination but, overall, there was very little conflict in the data. Furthermore, evidence of recombination in A. solani was not detected in other studies using molecular markers. Therefore, it is reasonable to conclude that no recombination occurred and that asexual reproduction is the main process of spore production in A. solani populations. Epidemiologically, conidia are widely distributed and are the main type of inoculum for early blight epidemics in both potato and tomato fields.
Based on the genomic regions analyzed in the present study, two genetically distinct groups of isolates could be detected and they may correspond to either host-specific populations or even different phylogenetic species. This argument is supported by the results and also by the data from the analyses of RAPD and AFLP markers, done with the same set of isolates used in the present study (V. Lourenço, Jr., and E. S. G. Mizubuti, unpublished data). Other genomic regions are being currently investigated, and preliminary results also support this claim (59) . Additionally, the sequencing and identification of genomic regions associated with aggressiveness on host species and adaptation to ecologic niches are also being assessed. This will help to elucidate important biological aspects of this plant pathogen and their relationships with early blight epidemics on potato and tomato plants.
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